Abstract Carbon nanotubes (CNTs) were grown on thin iron (Fe) films on SiO 2 /Si substrates by chemical vapor deposition (CVD) at four different hydrogen (H 2 )/methane (CH 4 ) ratios at temperatures ranging from 925 to 1000°C. The effects of temperature and the amount of hydrogen gas on the mean diameter at increasing temperature were examined. We demonstrated that the mean diameter and its distribution depend not only on temperature but also on the H 2 amount. We showed that increasing H 2 amount strongly affects the structure of CNTs, especially at high growth temperature; the mean diameter at 1000°C reduced from about 383 to 34 nm by increasing H 2 amount from 24 to 50 sccm. We observed that at high temperature growth the mean diameter was decreasing very fast initially with increasing H 2 amount suggesting the dominance of H 2 over the growth temperature. A decrease in the slope of diameter vs. H 2 amount with further increment in H 2 amount implied that the temperature was, then, deciding the CNT diameter through catalyst particle coarsening. The statistical analysis presented implies that the H 2 amount has to be adjusted according to the growth temperature for given CH 4 amount to keep CNT diameter under control, and the large diameter distributions at high temperature and high H 2 amount can be associated with the large variation in the catalyst particle sizes.
Introduction
The extraordinary properties of carbon nanotubes (CNTs) place them at the center of intense research and, hence, application fields for CNTs expand day-by-day. Scientifically, CNTs provide a rich quantum playground, while technologically they offer exciting alternatives to today's technology [1, 2] . On the other hand, the CNT growth process and dynamics are still not completely understood. CVD is a promising technique for CNT growth in terms of scalability to industrial needs and control over the growth parameters to some extent. Growth of CNTs by CVD is not an equilibrium process. The growth takes place at temperatures much lower than with the other two commonly used techniques for CNT growth, namely laser ablation and arc discharge. There is a wide range of parameters and large number of values associated with those for the CNT growth by CVD in the published literature, including some seemingly contradictory reports. This is mostly due to significant variation in the ideal growth conditions from system to system for effective CNT synthesis. Small, seemingly insignificant factors might change the end results to a large extent, leading to misinterpretation of data and wrong conclusions [3] . Failing to exactly repeat such secondary parameters leads to end results that vary considerably. Nonetheless, a number of H 2 to hydrocarbon (C n H m ) ratios exist at given temperatures and pressures, leading to more efficient growth and lessening the consequences of other parameters.
We studied CNTs grown on silicon dioxide/silicon (Si/SiO 2 ) substrates. It has been shown that CNTs grown on aluminum oxide (Al 2 O 3 ) with Fe a few nanometers thick in ethylene CVD yield densely populated and vertically aligned CNTs [4] . However, direct growth on SiO 2 /Si is very important since it allows integration of CNTs with microelectronics technology and opens the possibility of ben-efiting from already very advanced silicon processing technology [5] [6] [7] .
During CVD growth of CNTs with C n H m gasses, at least one carrier/dilute gas is used to prevent formation of amorphous carbon around nano-sized catalyst particles, which makes the catalyst particles inactive. The carrier/dilute gas also helps to regulate growth kinetics by adjusting decomposition rate of the C n H m gas [8] . H 2 is the preferred supplementary gas; however, other gasses such as nitrogen, argon, oxygen, helium, and ammonia have also been used with or without H 2 [9] [10] [11] . H 2 is used to both arrange the reaction kinetics and to help form catalyst material into shapes that catalyze CNTs [12, 13] . H 2 also keeps catalyst particles alive by removing amorphous carbon deposits [14] and surface carbide [15] , both make metal particles inactive to catalyze. While most studies reported that supplementary H 2 was very useful in CNT growth [16] , some others disagreed. For example, a recent report questioned the role of supplementary H 2 in CVD growth, claiming that H 2 coming from C n H m decomposition would yield more efficient CNT growth, with supplementary H 2 added later, towards the end of the process [17] . Another work reported that hydrogen radicals can have deleterious effects on Single Walled CNTs (SWNT) growth by plasma enhanced CVD, etching away grown NT structures and hence, hindering the growth process [18] . This study reported that when only H 2 was added to CH 4 that CNTs grew to be only scarcely populated. In this report it was claimed that oxygen was needed in addition to H 2 for a vertically aligned growth, which annihilated the effects of H 2 before it destroyed the tubular structure. Other works report that oxygen etches away both amorphous carbon and carbon in the CNT structure [18, 19] if used in too great a quantity. Oxygen has been used widely to open up the rounded hemispherical fullerene ends of SWNTs [20] . Another study reported that a small and controlled amount of H 2 O vapor keeps the catalyst free from amorphous carbon [21] . It was claimed that oxygen was too strong an oxidizer, oxidizing, or worse, burning nanotubes along with amorphous carbon; therefore, a weak oxidizer, such as H 2 O vapor along with H 2 , was recommended [22] . However, for H 2 O vapor to work, a small amount with a very narrow relative amount range (150-200 ppm) had to be used, or CNT growth was significantly suppressed [23] . Another work reported that both H 2 and oxygen promote high crystalline CNT growth [24] . In all of the above studies, H 2 was the main constituent and it appears as if it is the indispensable element in CNT growth by CVD. Therefore, the question is, what is the right amount of H 2 in proportion to the C n H m ? The effects of H 2 /CH 4 ratio have been studied in the past [25, 26] . However, most of the research was either on supported catalysts embedded in the support matrix with predetermined particle sizes, or it lacked to scan both temperature and the H 2 /CH 4 ratio regimes.
In this work, we planned experiments to study the influence of H 2 in CH 4 -CVD on the growth of CNTs grown on thin Fe films sputtered on SiO 2 /Si substrates. Four different H 2 /CH 4 ratios were studied at four different growth temperatures. Growth runs did not follow any particular order to exclude possible growth memory effects and also to single out any experimental errors. Based on previous experience, we found that a CH 4 flow of 100 standard cubic centimeters per minute (sccm) gives relatively better results when combined with a H 2 flow of 50 sccm. However, at these conditions, H 2 levels above 50 sccm resulted in CNTs with poor structural quality. Therefore, we started the investigations at the optimal H 2 content, 50 sccm, and lowered the H 2 amount in the H 2 /CH 4 ratio. The results of this work show that H 2 and its ratio to CH 4 play a very important role in CVD growth, and that role is temperature dependent. We observed a very large increase in the mean diameter at low H 2 content at high temperatures, which emphasizes the importance of the supplementary H 2 and might be of great interest since this work shows how to control the diameter at those extreme conditions.
Experimental
In this work, we first employed a magnetron sputtering system to deposit very thin Fe films on commercially purchased SiO 2 /Si substrates. The chamber base pressure was 1 × 10 −6 Torr prior to catalyst film growth. The substrates were cleaned chemically in methanol for 15 min in an ultrasonic bath and rinsed with ultra-pure water for 15 min prior to growth. The depositions were carried out in DC sputtering at 20 W, with a growth rate of 0.1 Å/s, measured by a thickness monitor, at a growth pressure of 0.5 mTorr. The Fe catalyst film thickness was calculated from the growth rate as approximately 3.5 nm. The samples used in this study were scribed from the same larger substrate before the CNT growth. The samples were kept under vacuum conditions until the time of CNT growth to protect their surface from contamination and further oxidation. The CVD system used for this study was evacuated by a mechanical pump down to mTorr scale. The system was continuously kept under vacuum while not in use, and high purity argon (Ar) flow was used to bring it to the atmospheric pressure for sample loading. After reaching sufficiently low vacuum, the temperature was set to the growth temperature with a increase rate of about 30˚C/min. The Ar flow was kept constant at 120 sccm until the given growth temperature was reached. The samples were subjected to H 2 pretreatment at 120 sccm before introducing CH 4 . Flow rate of the gases was controlled by electronic mass flow meters. For CNT growth, we used CH 4 /H 2 with four different flow rates for 30 minutes under system pressure of ∼350 Torr. The growth was terminated by turning off CH 4 flow and the samples were allowed to cool down to room temperature under Ar gas flow. We characterized our as-grown CNTs by Scanning Electron Microscope (SEM) (Phillips XL-30S FEG) to study their morphology and to obtain the length and diameter of these asgrown CNTs. For some of our samples, Raman spectroscopy measurements were utilized for obtaining the crystallinity and structure of CNTs. The Raman images were taken with a Renishaw micro-Raman 2000 with 632.8 nm line of a He-Ne laser. Energy dispersive X-ray (EDX) measurements along with XRD (Philips X'pert Pro X-ray diffractometer with Cu-K α X-ray source λ = 1.5418 Å) scans were also carried out to investigate the elemental and crystal composition of our samples.
Results and discussion
At higher temperatures surface roughness increases due to de-oxidation of the surface [27] or due to thermal expansion coefficient mismatch between the layers [28] . It is generally accepted that there is a strong correlation between the size of the catalyst particle and CNT diameter [29, 30] ; however, it is still under debate what controls the size of the catalyst particles when thin film catalyst is used to synthesize nanotubes. There were reports that the thickness of the film [3, 31] ; pretreatment conditions [17] , including plasma etching, gas treatment time; and temperature [32] play an important role in the size of the catalyst particles. From our experience we know that at high growth temperatures catalyst particles become rather large [33] . The enlargement in the particle size is most likely due to fact that at high temperatures, metal oxide loses its oxygen and becomes elemental; a catalyst metal without oxygen, especially on a SiO 2 surface, coalesces more easily and forms larger nanoparticles [4] . However, larger particles are less effective in catalyzing nanotubes [33] . The amount of H 2 is the key to deciding the final diameter of CNTs since it reduces the metal oxide films and adjusts reaction kinetics. To understand how H 2 affected the diameter under our growth conditions, SEM images of CNTs at different magnifications and at several locations for each sample were taken. It is known that high temperature growth improves the crystal quality of the CNTs [34, 35] . In our experience we have also found that temperatures below 850°C are too low to effectively synthesize CNTs using CH 4 on thin film catalysts. Similar works have reported that higher growth temperature yields more effective synthesis with CH 4 [36, 37] . We performed several experiments with the ratio of H 2 to CH 4 of 50:100, 40:100, 34:100, and 24:100 at a temperature range of 925-1000°C. Figures 1-4 display the representative SEM images of CNTs grown at 925, 950, 975, and 1000°C, respectively. In each figure we show from (a)-(d) the different ratios of H 2 to CH 4 , 50 : 100, 40 : 100, 34 : 100, and 24:100, respectively. Sample names, indicating the growth sequence and the mean, standard deviation and standard error of the mean of the diameters obtained from SEM images are summarized in Table 1 . The statistical diameter distributions were mostly skewed right (14 out of 16 samples), imitating lognormal distribution which suggest particle migration and coalescence growth [38] . The reported results were obtained from large numbers of SEM pictures, resulted in very small standard errors. A small standard error of mean diameter implies that adding more diameter measurements to sum would only increase number of counts while standard deviations remaining the same. For the diameter study, we first grew CNTs with 50:100 sccm H 2 :CH 4 ratio, shown in Fig. 1a . We found that the mean diameter of these as-grown CNTs was approximately 14.5 nm, whereas the mean diameter of as-grown CNTs was found to be nearly 21.0 nm when we used 40:100 sccm (Fig. 1b) . However, when the H 2 ratio was decreased to 34 sccm, we observed that the mean diameter of as-grown CNTs decreased to 11.3 nm (Fig. 1c) , while the mean diameters changed to 17.6 nm when we decreased the ratio of H 2 to CH 4 are further to 24:100 (Fig. 1d) . SEM images also revealed that CNTs were grown in a tangled mode, whereas at high temperature and at low H 2 ratios, CNTs were grown vertically (Figs. 4c and d) , which is usually due to crowding. We also performed EDX characterizations on the samples to confirm the CNT formation and pres- ence of the catalyst particles. It was seen from this analysis that the Fe concentration was highest at the tips, which led us to conclude that the CNTs were grown according to tip growth mechanism. In the tip growth mechanism catalyst particle rises up with growing CNT and, hence, has size directly related to the CNT inner diameter. H 2 amount had a substantial effect on diameters at high temperature. Increasing H 2 amount was very effective in reducing diameters; at this temperature increasing H 2 amount yielded smaller diameters, however, its effectiveness was decreasing with H 2 amount (Fig. 5 ). There was a gradual decrease in the diameters at the temperatures of 925 and 975°C with increasing H 2 amount (Fig. 5 inset) , although this was not as dramatic as the one we observed at the high temperature. The observed behavior at 950°C was very similar to the one observed at high temperature; a fast initial decrease followed by slow decrease in diameters with increasing H 2 amount. High temperature growth is also distinct with respect to strong dependence on H 2 amount. At temperatures lower than 1000°C, changes in the diameter were comparatively small. On the other hand, without exception all samples showed large increases in diameters at 1000°C. From examining the diameter vs. H 2 rate plot at lower temperatures (Fig. 5 inset) we saw that for 50/100 and 40/100 rates, diameter rank from larger to smaller at growth temperatures 975, 925 and 950°C did not change. However, at lower H 2 rates (34/100 and 24/100), the mean diameters obtained at 950°C growth first exceeded the diameters obtained at 925°C growth, then surpassed the diameters obtained at 975°C growth, becoming the largest diameter at the least H 2 /CH 4 ratio. This suggested to us a correlation between H 2 /CH 4 ratio and the growth temperature. For that reason, we looked at variation of CNT diameter with temperature for given H 2 /CH 4 ratio (Figs. 6a-d) . We observed that at lower (Fig. 6a) , mean diameter varied rather erratically with temperature, which implied that growths at this ratio would be difficult to control, and further that it would be difficult to guess the outcome from the beginning. The next ratio, 34/100, showed a similar behavior. However, this time variation was less erratic. As the ratio increased, CNT diameter varied more steadily, which would make growths at this ratio preferred. In addition, the shapes of the curves obtained by basis spline (B-spline) interpolation to data showed a quite noticeable transition; the wavy nature damped with the increasing temperature. Care must be taken interpreting the curves, since considering a single graph might be misleading. We used this interpolation to compare temperature dependent behavior when H 2 amount changed. Using this interpolation, the minima that we observe lowering temperature from 1000°C, shifts from about 969°C for 24/100 ratio, to 966°C for 34/100 ratio, to 959°C for ratio 40/100, and to 945°C for ratio 50/100. The arrows marking the location of the minima in Figs. 6a-d clearly shift toward lower temperatures with increasing H 2 amount. Looking at the two highest temperature ratio (1000/975) plotted against H 2 amount together with the minima, we saw that there was a correlation (Fig. 7) , which implied that how fast the diameter is plunging down related to the location of the minimum. The observed difference between these two data sets is due to alignment of the mean diameters at 925 and 950°C compared to 975 and 1000°C (see Figs. 6a-d) .
The diameter at high temperature more than doubling in each step increased from about 34 to 383 nm when H 2 Table 1 ). This is due to differences in both H 2 amount and H 2 /CH 4 ratio. The difference can be clearly seen from the normalized diameter plot (Fig. 8) . From that graph we observe a clear dependence on the temperature and the data was lining up with the H 2 amount. H 2 amounts 50 and 40 sccm showed similar behavior with the temperature; the diameters increasing at the final temperature (925°C) while H 2 amounts 34 and 24 showed almost identical change with the temperature; the diameters decreasing at the final temperature (925°C) when reduced from highest temperature. Considering increases observed in the mean diameters at the high temperature (Table 1 ) the observed differences in normalized plot is due to changes in H 2 amount and in part due to changes in H 2 /CH 4 ratio. From the normalized plot we can see that a gradual increase in the diameter with temperature for H 2 amount of 50 sccm should be chosen as optimal rate for the easy diameter control in CNT growth for the whole temperature range, whereas in the other H 2 amounts, increasing temperature from 975 to 1000°C would result in very large increases in diameters. H 2 amount of 50 sccm led to variations in diameters, i.e. the standard deviations, comparable to the other amounts; however, within the diameter measurement range the variations (error bars in Fig. 6d) were larger than the other ranges (Figs. 6a-c) . This increase in the distributions at the high temperature was attributed to reduction of Fe films followed by coalescence.
The temperature, catalyst film thickness and H 2 amount decide the catalyst particle diameter and closely related CNT diameter. The catalyst film thickness (3.5 nm) was larger than thicknesses normally used, which allowed us to have larger diameters by supplying enough material. When H 2 amount is not enough during growth at high temperatures, amorphous carbon accumulation starts over CNTs. The separation between the lines connecting data points in Fig. 8 were decreasing with the decreasing H 2 to CH 4 ratio suggesting the ratios are not optimal so that the diameters show no sign of difference. In the temperature region of 975 to 1000°C the supplied heat is sufficiently high for selfpyrolysis, allowing more than enough carbon stock from CH 4 , which also leads to amorphous carbon deposition. As observed from Fig. 8 , an increased amount of H 2 would lessen these consequences.
There have also been reports that the enlargement in CNT diameter might be due to larger catalyst sizes and amorphous carbon covering of nanotubes using less stable C n H m supplies [39] [40] [41] . It is known that CH 4 is the most stable hydrocarbon, which makes it the carbon source that goes to self-pyrolysis at the highest temperatures [42, 43] . In studies of high temperature methane CVD growth at 1000°C using supported catalyst Kong et al. [44] and Kang et al. [45] obtained CNTs without H 2 and with H 2 , with diameters in quite a small range (1-6 nm) and (10-15 nm), respectively. Kong et al. reported scarce amount of amorphous carbon, while Kang et al. stated substantial amorphous carbon observations in space among the tubes. Kong et al. attributed their amorphous carbon free growth to short growth time (10 min) and very large CH 4 flow rate (6150 sccm). Biris et al. studied the H 2 /CH 4 dependence at single growth temperature of 850°C and found a weak dependence of CNT diameter to this ratio [26] . Nevertheless, none of these groups reported any amorphous carbon deposition over CNTs, enlarging their diameters. The diameter enlargements similar to ours were observed with CNT growths using thin film catalysts at high temperatures using CH 4 [46, 47] . However, no discussion was raised over those large diameter results other than simply assuming that the enlargement was due to amorphous carbon deposition over CNTs. Most of the publications state that amorphous carbon deposition was moderate in growths using CH 4 as the carbon source, making the enlargement observed in diameter be most probably due to catalyst particle coarsening at high temperatures. This enlargement might be the result of de-oxidation of metal oxide due to high temperatures or H 2 reduction A substrate such as SiO 2 can also provide a platform to already formed particles where they can move very fast and easily coalesce into even larger particles, however, this cannot explain H 2 dependence we observed. The strong H 2 dependence at high temperature is due to, the important role H 2 assumes. The enlargement in the CNT diameter is due to autocatalytic decomposition of CH 4 at higher temperatures and deposition over the CNT and substrate surfaces as a non-graphitic carbon. Reducing the H 2 amount adds to the thickening due to amorphous carbon deposition since disproportionation reaction equilibrium, then, will be decided by CH 4 [25] . At low temperatures the CH 4 decomposition is through the catalyst particle leading to smaller diameter CNTs, since at low temperatures the catalyst particles are also remaining small. At high temperatures, however, the CH 4 decomposition is mostly through self-pyrolysis, yielding growth with very large diameter CNTs. This scheme can successfully explain the H 2 ratio dependence observed in Fig. 8; i.e., smaller diameter changes at higher H 2 rates (50 and 40) compared to those at lower H 2 rates (34 and 34 sccm). This analysis shows that the contribution of H 2 to CNT growth is more prominent than most have assumed, especially at high temperatures. This scenario can also explain the reports that CNTs did not grow efficiently without H 2 presence [12, 48] ; if metal oxide is not reduced, catalyst particles do not easily form and without right amount of H 2 there will be amorphous carbon coverage. Large diameters observed at high temperature and low H 2 amount likely due to non-graphitic carbon covering over the structures. That thickening is due to uniform deposition and must lead to narrow thickness distribution. Therefore, the large diameter distributions at high temperature must be due to large variation in the catalyst particle sizes.
For some of our samples, Raman spectroscopy measurements (He-Ne laser, 633 nm, on a 2 µm 2 area) were utilized to see how the growth temperature affects the CNT quality. The Raman spectra of CNTs grown at 950°C with 50:100 H 2 :CH 4 ratio point to the presence of SWNTs (Fig. 9a) . The CNTs grown at 950°C with 50:100 ratio were of very high purity, as indicated in the spectra by very low intensity of D-band around 1300 cm −1 , and by very narrow G-band at 1594 cm −1 , which had a shoulder at 1558 cm −1 , strongly indicating the abundance of semiconducting SWNTs. No RBM peaks were observed, which was attributed to the diameters being larger than 3 nm [49] . CNTs grown at 975°C with 50:100 had inferior quality to those grown at 950°C (Fig. 9b) . The Raman spectra have higher intensity of Dband (at 1335 cm −1 ) than that of G-band (at 1580 cm −1 ), along with the broadened D-band with a full width at half maximum (FWHM) of about 60 cm −1 . This broadening and higher intensity may be the result of several D-bands due to amorphous carbon and defective graphitic structures overlapping [50] . The Raman measurements taken from different points on the sample named CNT59 yielded consistent I D /I G ratio of about 2.3 (Fig. 9b) . Observed D-band increase in the Raman spectra with increasing temperature might also be accounted for by non-graphitic deposition over CNTs. The publications we mentioned above using thin film catalyst presented two SEM images that support our findings [46, 47] . Hart et al. published an SEM picture of fibrous structures with diameters larger than a micrometer in CH 4 growth of CNT on Mo/Fe/Al 2 O 3 /Si at 1025°C [46] . In that work, fibrous growth at H 2 /CH 4 40/360 sccm ratio was achieved at 1025°C. We calculated the average diameter of their CNTs using their published SEM picture as 1.2 µm. The other work reports very large diameters (calculated to be ∼4.5 µm from their SEM pictures) of CNTs grown at 1100°C on Si substrate with Fe film deposited prior to the growth [47] . We plotted these two results with large diameters together with our high temperature results in Fig. 10 . The agreement of the data, even without considering effects such as total flow, pressure, etc., was quite notable. Increasing the total flow rate, for example, at the same H 2 /CH 4 ratio might have had increased CNT yield, usually not affecting diameter. This agreement shows the universality of the process which leads to larger diameters. 
Conclusions
We studied the diameters of CNTs grown on Fe/SiO 2 /Si by varying H 2 /CH 4 ratio and growth temperature. Strong H 2 amount and H 2 to CH 4 ratio dependence of the diameter was observed especially at high temperature; all ratios showed large increase in diameters. The mean diameters were decreased fast with increasing H 2 amount. However, increasing H 2 amount to 50 sccm spread the diameter distribution. At low temperatures CNT diameters were varying within some narrow margin with similar H 2 /CH 4 ratio dependence. There was a parallel between the dip observed at diameters as the growth temperature reduced and the observed large diameters at high temperature growth. At high temperature, the mean diameter was decreasing very fast and leveling off with increasing H 2 amount suggesting the dominance of H 2 over the growth temperature. Decreased slope suggest that temperature is, then, key parameter in deciding the diameter at right H 2 amount through catalyst particle coarsening. Our analysis explains the large diameters observed in the literature at extreme conditions of high temperature and low/none hydrogen amount. We found that it was easier to control CNT diameter at higher H 2 content than that at lower H 2 content. Out of the studied parameters we found that best conditions to growth CNTs were at 950°C and a 50/100 sccm H 2 /CH 4 ratio. Under growth conditions of high temperature and insufficient H 2 amount, the enlargement observed on the CNT diameters can be attributed to amorphous carbon coverage due to increased self-pyrolysis of CH 4 as suggested also by the Raman analysis. The large diameter distributions at high temperature and high H 2 amount can be associated with the coarsening of the catalyst particles and large variation in the particle sizes. This work demonstrates that H 2 in CVD growth is very important; it can be used to adjust the diameters at given CH 4 rate at high temperatures where self-pyrolysis takes place, and at lower temperatures where high quality CNT is needed.
